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Abstract
A differential capacitance detection circuit aiming at detection of rotating angle in a novel levitation structure is presented. To en-
sure the low non-linearity and high resolution, noise analysis and non-linearity simulation are conducted. In the capacitance interface, an 
integral charge amplifier is adopted as a front end amplifier to reduce the parasitic capacitance caused by connecting wire. For the novel 
differential capacitance bridge with a coupling capacitor, the noise floor and non-linearity of the detection circuit are analyzed, and the 
results show that the detecting circuit is capable of realizing angle detection with high angular resolution and relative low non-linearity. 
With a specially designed printed circuit board, the circuit is simulated by PSpice. The practical experiment shows that the detection
board can achieve angular resolution as high as 0.04° with a non-linearity error 2.3%.  
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1 Introduction*
For a typical micro-mechanical accelerator and 
a gyroscope, the proof mass is attached to the sub-
strate with a beam. To detect angle and acceleration, 
a novel structure of micro gyroscope was proposed 
using a levitating rotor that rotates at a high 
speed[1-2]. This design used magnetic levitation 
technology to eliminate the need for a mechanical 
connection. This means to have potential applica-
tions of inertial sensors, micro-motors and fric-
tionless bearings[3-4].
It is reported that differential capacitance trans-
ducers consisting of two capacitors are widely used 
for detecting physical variables such as linear and 
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angular displacement in MEMS devices[5]. However, 
the signal detection circuit for such a levitating 
structure has been seldom reported. The principles 
of differential capacitance detection are based on 
the complementary changes of two capacitors with a 
common middle electrode. To detect the differential 
capacitance signal, converting capacitance into 
voltage is widely used. Different methods have been 
reported to convert capacitance into voltage, such as 
a unity gain buffer, a charge integral amplifier and a 
switching capacitance circuit[6-8].
Differing from the conventional design, a cou-
pling capacitor is introduced in the levitating rotor 
structure which, however, will affect the accuracy 
and the performance of the detection circuit. So far 
no analysis has been made to research the effect of 
the coupling capacitor. Furthermore, the non-linear-
ity of the differential capacitance formed in the 
levitating rotor gyroscope is another important 
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tant problem worth investigating.  
This paper is concerned about the circuit noise 
analysis, detection error, circuit simulation and the 
experimental performance of the capacitance inter-
face.
2 Sensor Structure 
As shown in Fig.1(a), the rotor is levitated on 
the stator by an electro-magnetic force generated by 
the levitation coils on the stator. The rotation of the 
rotor is induced by applying sinusoidal signals of 
different phases to eight rotational coils. Ideally, the 
Fig.1  Schematic diagram of gyroscope structure. 
rotor rotates at the speed of 8 000 r/min. The opera-
tional principle of the gyroscope in open loop detec-
tion is based on conservation of momentum, which 
keeps the rotor from changing its fixed space posi-
tion. When the stator turns, the angle between rotor 
and stator can be found by measuring the differen-
tial capacitance formed between them. 
The actual capacitance pattern and wire con-
nections are shown in Fig.1(b). Sensitive to both 
x-axial and y-axial rotation, the eight capacitance 
electrodes are grouped into two pairs of differential 
capacitors. The rotor is regarded as a middle elec-
trode of the differential capacitance. The equivalent 
capacitors connection is shown in Fig.1(c). Because 
the rotor structure is suspending, it is impossible for 
a wire to make a direct contact with the rotor, so 
common capacitors C1m and C2m appear in Fig.1(c). 
3 Sensor Analysis 
3.1 Sensing circuit and parasitic capacitance 
Differential capacitor sensing circuit for one 
channel is shown in Fig.2. The differential capaci-
tors C1t and C1b are coupled with a common capaci-
tor C1m. Cpt and Cpb denote the parasitic capacitan-
ces due to the micro gyroscope structure. An inte-
gral charge preamplifier is incorporated to detect the 
output voltage of C1m, where, Cp denotes the para-
sitic capacitance resulted from wires which connect 
the differential capacitance bridge and the preampli-
fier. The electric potential is equal on both elec-
trodes of the capacitor Cp, so the effect of the para-
sitical capacitor Cp can be neglected, representing 
an advantage of using the integral charge amplifier. 
Fig.2  Preamplifier for the differential capacitor detection. 
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In the integral charge amplifier, a fast and pre-
cise low noise JFET-input operational amplifier 
AD795 is included. Because the linear system has 
two sinusoidal signals applied to the circuit, the su-
perposition method can be used to analyze the out-
put. After applying +Vmsin(Ȧst) and –Vmsin(Ȧst) to 
the circuit respectively and then summing every 
component, the output Vout can be obtained as 
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The circuit works under the following opera-
tional condition 
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The internal capacitor relationship caused by 
capacitance electrodes is as follows 
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Eq.(1) can be simplified into 
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If Cpt and Cpb are neglected, the circuit output 
outV c can be written as 
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Then, the following expression can be derived as 
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where H is the relative error due to parasitic capaci-
tance. From Eq.(6), a conclusion can be drawn that 
the parasitic capacitance hampers the signal output 
of the differential capacitance. Theoretically, the 
minimum capacitance variation that the circuit can 
resolve depends on the value of Cpt – Cpb and rela-
tive error H. The capacitance resolution can be de-
fined by 
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3.2 Noise analysis 
The minimum resolution of the angle detection 
mainly depends on the noise floor of the detection 
circuit[9]. For analysis of the noise floor, Fig.3 
shows the noise source of the preamplifier, where Es
is the noise source of the carrier waveform, Eop and 
Iop are voltage noise source and current noise source 
respectively generated by the preamplifier, Ef is the 
voltage noise source of the feedback resistor, Cio is 
the output capacitance of the operational amplifier. 
The output noise floor can be obtained by Eq.(8).  
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Fig.3  Noise source of an integral charge amplifier. 
According to Eq.(2) and Eq.(3), when a small 
turning angle is applied to the stator, Eq.(8) can be 
simplified into 
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In Eq.(9), Ef = 4KTRf denotes the thermal noise 
of feedback resistor, K is the Boltzmann constant, T
absolute temperature, Rf equals 10.2 M: and Cf +
Cio denotes the integral capacitor equal to 10 pF. 
The carrier signal is chosen to be 100 kHz. The 
output noise floor can be calculated as follows 
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Eq.(10) shows that the main contributing com-
ponents of the noise output are carrier noise and  
current noise of the operational amplifier. The com-
ponent of feedback resistor Ef can be ignored. If 
choosing Agilent 33220 to be the carrier signal gen-
erator, the equivalent noise floor is 6 29 10 V /Hzu .
An ultra low noise operational amplifier AD795, 
which has 11 nV / Hz  noise floor and 0.6 fA/ Hz
noise current, is selected to be the front end pream-
plifier, which yields 
2 8 2
o 1.779 10  V /HzE
 u         (11) 
From the computation, it can be concluded that 
the bottle neck of the capacitance detection is the 
noise of the carrier signal and operational preampli-
fier. Under static operational condition, the mini-
mum voltage level that the front preamplifier can 
resolve is 
4
o o 1.333 7 10 VV E
  u        (12) 
The analysis in Eq.(4) shows that 1.333 7×  
10–4 V corresponds to about 8.891 3×10–17 F capaci- 
tance variation, which amounts to a 0.008° turning 
angle. Theoretically, the minimum resolution of the 
angle can reach as high as 0.008°, but it is difficult 
for the printed circuit board to make it. The factual 
test results will be discussed in Section 4. 
3.3 Non-linearity analysis 
It is an important requirement for the entire 
system that the differential output voltage should be 
proportional to the differential capacitance. There-
fore, an analysis of non-linearity in connection with 
the turning angle and the output voltage proves to 
be necessary. 
The relationship between output voltage varia-
tion ǻV and capacitance variation ǻC = C1t – C1b can
be obtained from Eq.(4), on which the relationship 
between rotation angle ǻM and capacitance variation 
ǻC can be expressed by Eq.(13), where ǻM is the 
angle between rotor and stator, and z the distance 
between them, ș0 and ș1 the start and the end angle 
of the capacitance electrode respectively, ȡ0 and ȡ1
the start and the end radius of the capacitor elec-
trode respectively, and h the levitation height of the 
rotor. 
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The non-linearity error E is a function of levi-
tation height h. In order to analyze the influence of 
levitation height h on the nonlinearity error E(h),
and to determine the critical situations of the trend 
of the nonlinearity error, the curves of ǻC–M in re-
lation to h ranging from 45 Pm to 92 Pm are drawn 
separately. 
The results obtained by Matlab are shown in 
Fig.4, which shows that when the levitation height 
ranges from 45 Pm to 92 Pm, the non-linearity error 
lies under 2.5%, especially, when it falls below   
60 Pm, the error is less than 0.5%. Therefore, the 
proper levitation height must be selected to be as 
low as possible to achieve smaller non-linearity er-
rors. In the experiment, the actual levitation height 
is 50Pm, which corresponds to a non-linearity error 
of 0.25%. It is acceptable in angle measurement. 
Fig.4  Non-linearity error E(h), hę[45,92] Pm, and a linear 
fit is conducted to calculate the non-linearity error 
E(h).
3.4 PSpice simulations and circuit implemen- 
tation
The practical pick-off circuit is designed and 
simulated in PSpice of Orcad. In the simulation, the 
rotation of rotor is defined from –2.5° to +2.5° at a 
50 Pm rotor levitation height. The capacitance value 
is calculated by analog behavior model in PSpice 
and the equivalent capacitor is created by YX ref-
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erence model. The output of integral amplifier is an 
amplitude-modulated signal. After demodulated by 
AD630, it is applied to a second order active low 
pass filter MAX274. The cut-off frequency of the 
filter lies between the frequency of excitation signal 
and that of input rotation signal. 
Fig.5 shows the simulation results of the 
pick-off circuit. The modulated capacitance varia-
tion signal has amplitude of 2.5 V. The low-pass 
filter has the gain of 1, which yields a DC output of 
the capacitance variation signal at amplitude of  
2.5 V suitable for the data acquisition board. Ac-
cording to Eq.(13), the rotation angle of 2.5° corre-
sponds to 2.5 f F capacitance variation, which pro-
duces a sensitivity of 10 V/pF of the sensing circuit. 
It can be seen that, after the demodulation, the out-
put signal of the filter follows the linear capacitance 
variation.
Fig.5  PSpice simulation result. 
4 Experimental Results 
An experiment was conducted on a SCT-I type 
rotational platform. The SCT-I rotational platform 
was a double axial platform with a digital display, 
having an angular resolution of 1×10–4(°). The stator 
and the test circuit were fixed on the platform by a 
clamp. The sensitive axis of the gyroscope was set 
to be consistent with the platform’s rotational axis. 
10 MHz sinusoidal signal was applied to levitate the 
rotor. Fig.6(a) shows the surface of the stator and 
Fig.6(b) an aluminum punched rotor levitating on 
the stator. To adjust the amplitude of the levitation 
signal, the levitation height was set to about 50 Pm. 
Rotation was carried out by applying four sinusoidal 
signals with a 90° phase difference from the rota-
tional coils. Two 100 kHz excitation signals with 
anti-phase were applied to the capacitance bridge as 
the sensing carrier signal.  
In the angle detection, the rotation platform 
moved from –2.5° to +2.4° stepwise by 0.1°. The 
relationship between a turning angle and an output 
voltage is shown in Fig.6(c). The non-linearity cal-
culated by LabVIEW is 2.3%. The result shows that 
the prototype of the gyroscope is sensitive to the 
angle input. 
During reducing the angle step, the output 
voltage still remains linear. The minimum resolution 
of the angular displacement reaches 0.04°. The non- 
linearity of the experimental result departs from the 
theory analysis which is mainly attributable to the 
noises in the printed circuit board and the external 
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Fig.6  Experimental results. 
noise interference. The drift of the amplifier also 
contributes to the error. Some measures might be 
taken to decrease the error, for example, using 
shield cable and low drift amplifier. Besides, as the 
levitation height also influences the non-linearity; 
more stable levitation height and less rotation vibra-
tion are needed to reduce the non-linearity error. 
5 Conclusions 
A differential capacitor detection scheme aim-
ing at development of a novel levitation structure is 
presented. The effects of structure on the non-line-
arity output are analyzed. The results show that the 
circuit is sensitive to the turning angle and the pro-
posed detection design can reach relatively high 
capacitance resolution and low non-linearity. 
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